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ABSTRACT

This report presents the findings of a number of individual investi-
gations relevant to the physics of atomic and molecular processes in
the upper atmosphere as pertinent to the problem of the rate of reduc-

tion of ionization in a disturbed atmosphere.

Calculations have been performed of the rates for three-body ion-

electron recombination

X T te+M-X+M

for a variety of ions X+ and third bodies M. Emphasis has been placed
on systems where the third body involves a molecular species. It lLas
been showr that if the third body has low energy modes of internal
excitation, large recombination rates may resulc. If M is a polar mole-
cule, very large recombination rates will result. The calculations show
that the rate for three-body ion-electron recombination is very sensi-

tive to the concentration of water vapor.

The preccess of associative detachment

X +Y~-XY+e

is an important mechanism for the removal of negative atomic and moler-
ular ions. Only sparse accurate experimental data exist, and quant ca-
tive theoretical deta exist only for H + H collisions. Quantitat .ve
prediction of the rate coefficient for associative detachment ver iires
accurate potential erergy curves for the negative molecular ion XY and
the neutral molecule XY, especially in any regions of curve cr ,ssings
involving the lower levels of the molecules. Also recuired - e certain
non-radiative coupling matrix elements between the electron - states of
the molecules. The theoretical calculation of the necesss: y accurate

potential energy curves and matrix elements represents a - 2latively
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difficult theoretical problem for species of interest in the atmosphere.
From knowledge of the potential energy curves, useful upper limits for
the rate of associative detachment can be obtained. Improved calcu-
lations of potential energy curves 0;, relative to .theoretical 02 curves,

g
E
i
:
3
g
o)
g

have been performed for the important atmospheric process

Y

0 +0 - 02 + e

the cross section could be as large as 4.6 ne .

The cross section for cotational excitation in electrun polar mol-

ecule collisions,

e+ MJ) > e+ M (J+A),

where M(J) is a polar molecule in rotational state J, is large. Rota-~

tional excitation processes represent an important energy loss mechanism 1
for the thermalization of supra-thermal electrons produced by an atmo-

spheric disturbance. Since most recombination processes proceed much

more rapidly for low energy electrons than for supra-thermal electronms,
the rotational excitation process plays an important role in the rate

of reduction of ionization in a disturbed atmosphere. The cross section
for this process constitutes an essential input data point for the studies
of three-body ion-electron recombination in polar gases. Detailed cal-
culations have been pecformed for the cross section for rotationmal exci-

tation of carbon monoxide by electrom impact using close-coupling methods.
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I. INTRODUCTION

A detziled understanding of the behavior of the utmosphere follow-
ing a severe disturbance requires detailed knowiedge of cross sections

and chemical processes involving ambient atwospheric specics. Under
DNA sponsorship for the past several years, GCA Technolugy Division has

g and rate coefficients for a highly diverse ensemble cf atomic, mclecular,
§
% been engaged in theoretical studies of various selected atcmic and

wolecular processes which are relevant to the understanding of a dis-

turbed atwosphere. Most of the processes which have been studied pertain

to the problem of the rate of reduction of ionization following a severe

disturbance since this constitutes an important operational factor of

i
L meten AL SATISS

interest to the sponsoring agency. Three major criteria were employed
in the selection of processes for detailed investigation, as character-

LAAEAY 42 26 LY

ized by the following specific questions:

(1) wWhat is the over-all importance or potential importance of the
process in the understanding of the de-ionization of the disturbed

atmosphere: (In certain instances the pertinent rate coefficients were

sufficiently uacertain as to require preliminary iuvestigation siwply to

Ao

B D O3 St 403 LA S

assess their relative ispoc-tance.)

—srraos

(2) Can quantitative theoretical calculations be performed to use-
q

N RTINS TN T S AR AT Y

A ful accuracy for atmospheric species? 3
S ;
3 (3) Are theoretical studies required either to asc;ess the accuracy §
kL or in other useful ways to supplement available experimertal data? f
33 ]
R% in
5 Several processes were evaluated briefly and were found not to as=tisfy ’
-i one or more of the above criteria and cousegquently were removed from

further consideration. Of the remaining candidates, four specific pro-

cesses were selected for further detailed investigation as reported

R
G

Ll R (£ 08 P L L AN 4/ 18 Rty

herein. Although each process is believed to have relevance to the gen-
eral ambient ionization reduction problem in conformity with item (1)
above, they are sufficiently independent to warrant individual attention.

Specifically the de-ionization mechanisms considered include: (1) three-

e

AR i CTEAR Ao Ly

body reccwbination, (2) ion-ion neutralization and (3) associative detach-
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ment. Finally some attention has been given to the theoretical problem
of using effective potentials to calculate molecular wave functions and
potential energy curves for diatomic molecules. These studies may then
be related to pertinent atmospheric change transfer and scattering pro-
cesses. As a consequence, the detailed results of these investigationms

are presented im Sections I1 through V of this report as discussed below.

In Section II, three body ion-electron recombination processes

such as

X+ +e+M-+X+M

are discussed. This represents an importaut processes in the D-region
at its relatively low temperature and high neutral particle density,
especially for those ions which do not undergo exothermic chemical reac-
tions. Preliminary calculations were performed for various ions in atomic
thiré body species, where proper account was taken of the velocity de-
penderce of the electron third body scattering cross section (Ref. I-1).
Since most atomic species have no low energy modes of internal excita-
tion, only elastic electron third body scattering contributes and the
resultant recombination coefficient is not very large, although it can
exceed pure radiative recombination. Atomic oxygen represents an excep-
tion, since fine structure transitions in the ground state occur st low
energies. However, in the D-region the atomic oxygen concentration is

not large and molecules should constitute the major class of third bodies.

Calculations have been performed previously for several homonuclear
third bodies (Ref. I-2). Because of low energy rotational and vibrational
modes of internal excitation, the recombination rate coefficients for
moleculzsr third bodies were found to be much larger than thosc obtained
for atomic third body systems. The present calculations were performed
for polar molecule third body systems. Owing to the relatively long
range nature of the electron-permanent dipole interaction, the cross sec-
tion for rotational excitation of polar molecules is very large, so that
correspondingly high three body ion 2lectron.recombination coefficients

resust. The inelastic cross section for these systems exceeds the elastic

cross section.
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These ca.culations demonstrate that, since three body ion-electron
recombination coefficients involving polar molecule third bodies are
-.cen several orders of magnitude faster than coefficients for atomic
species, the over-all recombination rate in dense neutral gases is a
sensitive function of the polar molecule concentration. The theoretical
studies conducted to date has provided sufficient information to esti-
wate the recombination coefficient for an extensive class of ioms in
various gases under a broad range of conditions. The detailed applica-
tion to disturbed atmospheres requires quantitative data on competing
ion-alectron recombination processes, as well as the pertinent rates for
attachwent, detachment, and ioniziryg processes under the atwospheric
con’itions of interes.. The results of the present study assume added
importauce in the study of disturbed atmospheres since the concentration
of polar molecules may be enhanced significantly by chemical and ion-

molecule reuctions under disturbed conditions.

In studies of recombination following an atmospheric disturbance,

it has become clear that atomic and molecular processes which thermalize
the original supra-thertal electrons are impertant, esnecially in a
nearly neutral atmosphere. Elastic electron-atom and electron-molecule
processes are very inefficient for the critical energy region, and in-
elastic events due to electronic excitation are improbable. Rotational
excitation of polar molecuies represents an efficient energy loss mech-
anism resulting in the thermalization of supra-thermal electrons, due to
the very long-range electron-polar molecule interactor (which leads to
large inelastic scattering cross sections). Since the effective rates
for recombination and attachment are much larger for thermal as opposed
to supra-thermal electrons, the rate of thermalization of supra-thermal
electrons may represent the controlling processes in recombination fol-
lowing a severe atmospheric disturbance, especially since the disturbed

atmosphere may have an enhanced concentration of polar molecules.

Detailed calculations have been performed to derive the cross sec-

cion for rotational excitation of CC and CN by electron impact in Sec-
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Angular distributions and momentum transfer cross sections

tion III.
Since the elastic scattering cross section at

have been obtained.
these energies is small compared to the inelastic cross section, the
full implementation of a close-coupling formalism is required. By
studying the process in various polar molecules, it is possible to de-
termine the dependence of the resultant cross sections on such parsmeters

as the dipole moment and rotational energy separation of the polar

molecules. Calculations suould also be performed for water vapor and

other polar molecules of atmospheric interest; however, the results pres-
ently available indicate that the process is important for the under-

standing of the behavior ot the disturbed atwmosphere. The cross sections

are also of importance for the calculation of three-body ion-electron
recombination in polar gases as discussed above.

In studies cf a low temperature, high neutral density atmosphere

under either normal or disturbed conditions, significant concentrations
Ion-molecule reactions and chemistry

of negative ion species exist.
often are seen to lead to those negative ions with the largest electron

affinity. Investigations of the loss rates of negative ions are required

for the satisfactory prediction of the rate of decrease of atmospheric

s ionization. Under the thermodynamic conditions usually encountered,
direct collisional detachment has a very small rate coefficient because
of the endothermicity requirements imposed by the relevant electron

p affinities.

Under a previous program (Ref. I-3), a study has been performed of

Z the mutual neutralization process
= -+ -

b X +Y -X+Y

3

> which represents one of the wost important wechanisms for the destruc-

tion of negative ions in the atmosphere. Although serious discrepancies

exist between the theoretical results and available experimental data,

ey

= which will not be discussed here, all studies show that a very large rate
% coefficient exists for the mutual neutralization process at thermal
2 energies.

% IR s, o T
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In an essentially neutral atmosphere, such as that encountered in

the D-region, the associative detachment process
X +Y-XY+e

may be as important, or even wore important than the mutual neutraliza-

tion processes for the destruction of negative ions as discussed in Sec-

tion IV in greater detail. For atmospheric species, the prediction of

the pertinent associative detachment cross sections constitutes a rela-

tively severe theoretical and experimental problem. Quantitative calcu-

lations have been performed only for the simple prototype system H + H .

The temperature dependence of the process is still somewhat uncertain,

and quantitative predictions require very accurate potential energy curves

and coupling matrix elements. Ta order to study the process, 1mproved

accurate potential energy curves have been calculated for the 0 ( I )
state relative to the O (x Z ) curve of Schaefer-Rarris (Ref. I 4).

Certain errors detected in the Schaefer-Harris calculations have re-

quired a recalculation of our 0; curves. From these data, accurate

values for the internuclear separation associated with the crossing of
the 0-(21 ) and 0, (X 32-) curves can be achieved and an upper limit for
the rate of reaction for the important atmospheric associative detach-

ment process
0 +0~ 02 + e

can be obtained. Although the accurate ab-initio calculation of poten-
tial energy curves for associative detachment processes in atmospheric
species is relatively expensive and slow, the results of such studies
are required in order to understand the process, especially since the
required non-radiative coupling matrix elements can seldom be determined
by other methods. The necessary data on the required potential energy
curves cannot usually be obtained by the Rydberg-Klein-Rees analysis of

experimental spectroscopic data.
Under the current program, a new area of investigation was pursued

involving exploration of the possibility of using eff:ctive potential
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methods to calculate molecular wavefunctions and potential energy curves
for diatomic molecules at intermediate internuclear separations as dis-
cussed in Section V. Encouraging results were obtained for the simple

system chosen for the initial investigation, L12+. However, although

these preliminary calculations were very successful, it is considered ;
that current technical limitations inherent in the methods preclude the ?
derivation of accurate data at the present time for most systems of

atmospheric interest without resort to an extensive and moderately ex-

pensive research program.

As indicated above, the four processes which were selected for de-
tailed investigaticn under the present program are discussed individually
in the following sections of the report. 1Individual contributing inves-

tigators are identified in each section. A brief coaclusion and recom-

mendations for future study discussion is presented in Section VI.
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II. ELECTRON-ION RECOMBINATION IN A DENSE MOLECULAR GAS
by D. R. Bates

ABSTRACT

A semi-quantal method is developed for treating the recombination
of electrons and positive ions in a dense molecular gas. Exten-ive cal-
culations are carried out relating to recombinetion in hydrogen, in
nitrogen, in carbon dioxide and in damp mixtures of gases. This latter
case is of special interest, recombination being greatly facilitated by
the presence of quite a small amount of water vapor. A very high re-
combination coefficient is possible. For example in a nitrogen + hydro-
gen mixture which contains 207 by volume of water vapor and which is at
atmospheric pressure and at 2000 K the recowbination coefficient is

? -1 and 8.7 x 10-9 cm3 s-lz

predicted to be between about 5.1 x 1077 cmd s
here the lower limit is calculated by the semi-quantal method assuming
that the energy levels of the recombining system are hydrogenic while
the upper limit is calculated by a purely classical method assuming that

the energy levels cf the recombining system form a continuum.

Recombination coefficients have been deduced from measurements on
the ionization in flames at atmospheric pressure. The values obtainad

lie satisfactorily between the predicted limits.

A. INTRODUCTION

Three-body ion-electron recombination procecses

XT+E+M~X+M

may be an important recombination process in the D region at its lower
temperatures and higher deasities, especially for those ions which do
rot undergo chemical reactions. In earlier studies it was shown that
much higher recombination coefficients were obtained if the third body
M in the above equation exhitits low energy degrees of internal freedom

as is the case for a large class of molecular third bodies. 1In the
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present report, attention has been focused on the polar mclecule 320

as the third body. Calculaticns have been carried out for recombination
in several reactions of diztomic third bodies with water vapor. The re-
sults have been obtained at several temperatures and mixing ratios.

For an ion of mass 23 a.m.u., a recombination coefficient of the order
of 10-5 cm3 sec°1 can be obtained for ~ 207 5y volume mixtures of HZO

in NZ at 250°K, where the recowbination coefficient is expressed as an

effective two-body coefficient.
B. BACKGROUND

Recombination of electrons and ions in a dense neutral gas was first
treated by Thomson (1924) using a modification of his model for three-
body ion-ion recombination (Massey and Burhop 1952). An entirely dif-
ferent approach was introduced by Pitaevskii (1962). Taking the neutral
gas to be monatomic he showed that if the temperature is sufficiently
low the recombination process may be regarded as classical diffusion
in energy space; and from the Fokker-Planck equation he hence derived a
simple formula for the recombination coefficient. Pitaevskii's classical
diffusicn method was later applied to a molecular gas by Dalidchik and

Sayasov (1966, 1967). 1Its main defects are the assumption that the
negative energy levels of the electron in the field of the ion form a

continuum, and the lack of explicit allowance for radiative transitions.
Bates and Khare (1965) have developed a semi-quantal method without

these defects. I!owever, they confined their atteantion to the case of

a monatomic gas where all collisions are elastic. Their results agree
with those of Pitaevskii only at very low temperatures. It is of interest
to extend the method to cover recombination in a molecular gas. Inelastic
collisions, involving rotational or vibrctional transitions, are here

important.

The process with which we shall be concerned is of importance in

connection with ionization in flames.

C. THEORY

We shall treat

XT+et+2 - X+2 (11-1)
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+
where X 1is an atomic or molecular ion and where Z is a neutral molecule. {

ov

In this 3ection we shall introduce the notation and quote the relevant
formulae of the semi-quantal method.

Averaging over the initial rotational and vibrational levels of Z,

which we suppese to be in thermodynamic equilibrium at temperature 6,

and summing over all possiuvle final ievels, let x(n,m) be the rate coef-
ficient for

X(n) + Z(averaged) - X(m) + Z(summed) (11-2)

n and m being the principal quantum numbers of excited (and assumed by
hydrogenic) initial and final states of the system formed by recombina-

tion. Put

&(n) = 6%/2n'ay kD, (1I-3)

e s S L DU G A S st S P DTS s ML U e T e e U TR

A
YIS

where a, is the atomic unit of length. Write

€(g) ~ N(Z)éo':gl(l +8+1t)(g+8) x(g+s,g—1—t)explelg +4)], (11-4)

YV

where N{(2) is the number density indicated and 95 is thez principal quan-~

Ty D
A
SR I Y PN T TIA LA AN RS

tum number of the highest level whose population may vise sufficiently

vas

to deplete the population of the continuum appreciably (which number may

= i in practice be taken to be 3 without causing appreciable error); write §
3 1 ¢
3 1 i
E () = ¢ A(g)explelg)],
" 3 :_g
: where A(q) is the sum cf the spontaneous transition probabilities from 3
2 f
3 level q to all lower levels except the ground level (which is excluded 3
o f because of self-absorption); and write ;
- : €lg+1) :
= ¢ B =g~ oGy :
i Clg+)+A(g+ 1) H
3 E 11 %
E ¢ ;
7 :
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Let aR be the radiative recombination coefficient. From the work of
Bates and Khare (1965) we have that the rate coefficient describing re-
combination due to the combined effect of collisions and radiative transi-

tions is closely

&cp = Acr +ap, (11-5)
in which
- s .M 17 _
%cn V{.-:.‘+1?(q)+d(q)} ' (11-6)
with
RV 1000\ #
V-( h w) - 1.31X 10". —0—-) om'. (11-7)

The atomic mass of the ion and the chemical symbol for a molecule of the
ambient gas will be shown ir brackets after op where this is judged

desirable.

Dissociative recombination also occurs if the ions are molecular.
The rate coefficients are approximately additive.

The transition probabilities required for the radiative conductances
S(g) are known (see Refs. cited by Bates and Khare (1965), and also Wiese,
Smith and Glennon (1966) and Wiese, Smith and Miles (1969)}. Table II-1
gives the values of Jf(g) for atomic hiydrogen, which we denote by s (g|H)
together with the factors f(m) by which these fadiative conductances would
be reduced if transitions to level n or lower were excluded. The informa-
tion contained enables estimates for complex atoms, which are accurate

enough for present purposes, to be made quickly.
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TABLE II-1. RADIATIVE CONDUCTANOES

temperature, §/K
20 500 1000 2000
o (g{H)/s~
p = - 152 19
1,20 6.088 1.71 261 0O —

3.9% 177 o418 3.9 0.52 0

1.0 b5 1.0u 4.4° 0.98 0.38
5.3 8.2 1.00 1.1? 0.73 0.50
3.0 5.7 2.3 4.6 0.7¢ 0.58
1.3 9.3° 7.0 2.3 0.79 0.63

The indioes give the powers of 10 by which the entriss ahould be multiplied.
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The calculation of the binary rate coefficients, k(n,m), and hence of

the collisional conductances, €(q) , is the main task.

1. Rate Coefficient x{n,m)

Consider collisions between free electrons and molecules which are
in a specified level. Let KI(EI’EZ)dEZ be the rate coefficient for col-

lisions in which the energy of an electron is changed from E, o

between E2 and E2 + dE2 and the internal energv of a molecule is in-

creased by an amount I.

Ht AR Lo bt AT A A AT S S 02 ALt b N

Denote the masses of the ion and electron by HX and o, respectively.
to be the velocities of the electron relative to the

and VZZ to be the cor-

Take Vel
ion before and after the collision; and take VZI

and Ve 2

responding velocities of the molecule. Write

m 1 4
U= Vn—m o (11-8)

We find that to a close approximation

where
J=meU.(Vo, - Ve (11-10)
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and

8 = (md/Mxy) Vo (Vo — Vad)s (11-11)

sz being the reduced mass of the ion and molecule.

In the first instance we shall suppose that &, which is in genersl

very small compared with I + J, may Se neglected. We shall assume that

Me
,-,;V.x <U. (11-12)

For simplicity we shall also assume that the e~Z scattering is isotropic

so that the orientations of Ve1 and Vez with respect to U are random. In

many cases the scattering is non-isotropic (Bardsley and Reed 1968) but
the erroxr arising is uniikely to be serious.

i Represent the scattering cross-section and the normalized classical

: distribution functions (Bates and Khare 1965) by Gi(vel)’ g(Vel) and
& £(U) respectively. Put

:
i
)
Z
7
H
3
3
E
|
E
3
3
%
,;::;
k3,
3
2
S
3
A
g
3
E
3
3
E
:

= 0. p.p o i 0. p”‘ (1I1-13)

L PR

We then have that

m
G

T

1
Ky, Ey)dE, = ;f f f, V107 (V) 90e) f(U) Ay ey AU AW, (11-14)

where J signifies that the integration is carried out over all accessible

PR

A regions in which the final kinetic energy of the electron is within an

interval dE2 around the value Ez. The lowest contributing value of Ve is

1

YT
2N AUV RELAER Y A AR A b sat e U AT Wit A e

RIS PrreE e

(!

V, = (21/me)} (1>0)} (11-15)

=0 (I <o),

¥y ¢ EA8EY
r Y

JpRaRy

and the highest is a cut-2ff value VC defined by
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fme Ve = By +6%r,, (11-16)

I being the closest the electron can be to the ion and yet be considered

as colliding with the molecule. For a given value of Ve it is clear

that

1’
U< U<, (1=t

where

Ue = |J|[mefV,y + (V3 — 21 [mo)}]. (11-18)

It is now convenient to denote the greater of Vel and Ve2 by V> and the
lesser by V< and to put

b>uP,.0, u . u?_.0 (11-19)

If J, U, V> and V< are held fixed while p< 1s varied the extent of the

range u> 1is

-’ = 2V<IV>, 0 <€ IJI € Mme U(I’)—V<)

- "'QU(V> +V<)—I'I_l’ me L"(V>—-V<) < IJI < m.U(V>+V<). (II‘ZO)
mJUV., -
We find that
e
Ki(Ey,Ey) = f ., A NUNT UNRJUAT LA (11-21)
with
_L_{° avpnar. 11-22
S = g j - ATHO) (11-22)
Set
~EJjk = A, —Ejjkf =2, (11-23)
Ik =v, J[kO =7, (11-24)
me V3,j2k0 m x, (6%/kbrg)—A, @ X, (11-25)
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o1(Ve) = 0,(z), (11-26) 3

MR- z-ip= X", g+ (2-v)ip = X, (11-27)

F

g

2Myyime = (11-28) 3

and é

c Ki(Ey, B, B,y = £,(4;,4)dA,. (11-29) :

b By straightforward analysis we deduce from (II-21) that E

ps tkOA] z

5 x(Ay, 1)-4{ ,.} 7 (11-30) 3

- g

i o) 3

s where y &

7= f Era s @z, 3

: H(x) = (b + by) oxp [~ HX"]~(k, — kp)exp[ — X ) (11-31) ]

k- ! _é:

3 H- h

; 1l g e ext i (11-32) :

S in which %

. 3

E o=y, k=zf(z—v)i, k=t (11-33) §

s if v is positive; and in which lf

=0, hh=at, k= zhj(z— )b, (11-34) ;j:'

: ;

S if v is negative. g

‘.c. As a partial check it may be noted that if we take x_. to be infinite é

: we may deduce from (II-30) that the rate coefticient describing the excita- a

¥ Y

5 tion of the molecule is

|
Z 16
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J‘v Ver @ 1(Ve1) 9(Var) dFs, (11-35)

as of course it should be.

We may now obtain an approximation to the rate coefficient K(n,mli,j)
for those (x+ + e) - Z collisions in which the electron changes from an
orbit or principal quantum number n to one of principal quantum nvmber m
and in which the molecule changes from level i of energy eike to level j
of energy ejke with

Ci—€&=v. (11-36)

Following the procedure adopted by Bates and Khare (1965) we have that

k(n, mls, ) = {& (n, m{i,j) o (n, m|i, j)}}, (I1-37)
whera if we put A, = e¥2n2akh, A, = e¥2miagkd, (I1-38)
then

. . e?
K (n,mli,j) = a_o;r_t’_k_ﬂx"(/\" As) (11-39)
and

K(n,mlii, }} Eo—)fln—’exp(A —A;—v) K4 (m,n}4,1)

) w‘n: 31— N 4\™M, B} ), %), (11-40)

@, and wj being the statistical weights of the levels indicated.

Averaging over the initial levels i and summing over the final lev-

els j we see that the rate coefficient sought is

x(m, m) = xg(n, m) +xx(n, m), (11-41)

. . . . *
where Ko(n,m) is “he contribution from elastic scattering (see Bates and

Khare 1965) and where

*
Tae simple expression which Bates and Khare gave for «.(n,m) may be
tor A(n,m!i,j) by carrying thtough some

recovered from our expressi--
elementary analyses.
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kan,m) = - 5 T w,exp(~6) kn, mii (11-42)
f2(0) ¥ 5%t

is the contribution from inelastic e-Z scattering, fz(e) teing the internal

partition function of the molecule. We shall denote the contributions

to Kx(n,m) from rotational and vibrational transitions by KR(n,m) and

Kv(n,no respectively. The letters affixed as subscripts to k's will also
be affixed to other quantities.

Examination of equations (II-30) to (II-32) shows that the rate coef-
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3
3
g

ficients are semsitive to the net change in the internal energy of the
complex comsisting of the recombining system and the third body. Antici-
pating the results of the detailed calculations we illustrate this in

Table I1-2. As would be expected physically the resonance effect exhibited

becomes sharper as the temperature 8 is decreased or as the reduced mass
MXZ is increased. Irregularities in the variation of the collisional

conductance ¥(q) with g are evident in some of the tables to be presented

later. These are due to resonances.

2. Method of Dalidchik and Sayasov

According to the classical diffusion method of Pitaevskii (1962)

the recombination coefficient is given by

(11-43)

4

=2 (_"_'k&)‘ [Jj‘ Ip"-“}g@i@]“

kY

where F{E)is the mean of the square of the change in the energy E of the

electron per unit time.

Pitaevskii considered only elastic collisions. Taking the scattering

to be isotropic and the cross-section to have the constant value o he

demonstrated that

ot(zmlt ok 1)

My, (11-44)

FuEr = 5@
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T? 5LE I1-2. RESONANOE TFFEOT IN ROTATIONAL TRANSITIONS
OF HYDROGEN

2

ion mass/a.m.u.

< . rotational - +— ~ kK

3 quantum 2 4 8 © z

£ ‘empersture, number, x(20,11)J,J 4 2)/em?s-2
3 6/ — A -

280 7.7-3¢ 4.5 3.1- 1.9-1¢ ,

%

- 1.0-12 9.6-1¢ 8.8-1t
2.0 1.3 9.6-18 6.3-34

R T T R A S Loy

J

h)

> 1

4 2
K 00 0 1.4-13 9.9-1 7.6-1¢ 5.3-1
3 1 1.1-1 1.1-n 1.1-n 1.0-n
3 2 8.4-1¢ 4.6-18 3.7 2,7-1
| 1000 0 2.5-13 1.9-1 1.5-» 1.2-1
Ky 1 1.0-1 1.1-u lLi-n 1.1-1
E 2 14-1 1.1-13 9.3-1¢ 7.6-1¢
- 2000 0 418 3.3-1 2.8-1 2.3-1
1 8.6-1t 9.3-19 9.7-1 1.0-n

2

2.6-13 2.1-1 1.8~13 1.6-3

Notes. The internal energy lost by the recombining system in the (20, 11) transition is 810k
wheve k ia the value of the Beltzmann constant (per kelvin); the internal energy gsined by

157,
LS TS vy

7

the H, molecule in the (J,J+2) transition is 525k, 876k and 1226k for J = 0, 1 and 2. The
r indices give the powers of 10 by which .\2 entries should be multiplied.
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' E
£ Dalidchik and Sayasov (1966) showed how to take rotational transitions g
into account. For homopolar molecules they used the Born approximation %
1 to the cross-section concerned which has a very simple form (Gerjuoy and %
i; Stein 1955). Elementary analyses then yields 3
3 ¢
; 1024Bg%a3ko | B[t - * §
- F(B) = N(Z){ "’ZE@?:.‘)TL‘ } (11-45) ;
' where B is the rotational constant of the molecule and gea} is the quadru- g
pole moment. The contribut?ons &y (E) and Fy(E) to F(E) are of course addi- g
E tive. Dalidchik and Sayasov (1967) also treated linear molecules having g
: a permanent dipole moment. Taking the cross-section for rotational exci- _2
tation to be as given by the Born approximation (Takayanagi 1966) they %
found that g
FoB) = ND) {256(2;;’); g;ztetxoln (2 Aj/’%)} (11-46) j
deay, being the dipole moment. Where necessary we shall distinguish be- %
3 tweenFr(Elof (1I-45) and (II-46) by adding the letters q and d as sub.cripts. é
Comparing (YI1-44), (11-45) and (I11-46) it is scen that collisions involv- r%
: ing rotational transitions are predicted to become increasingly more ;
effective than elastic ccllisions as the energy of the electron is re- ;
duced. This prediction is in conflict with what mignt be expected from :
' simple physical considerations and with the results of the semi-quantal
: theory. The error in the prediction, which is not of great importance in :3‘
3 g
i
3 i
*This is twice the value given by Dalidchik and Sayarov (1966) who 1
omitted to allow for level J being (2J+1)-fold degenerate. i
4

3
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practice, arises because of the treatment of Dalidchik and Sayasov does

not take fully into account the existence of a threshold energy for rota-

tional excitation.

The mean of the square of the change in E ger unit time due to vibra-
tional transitions, JFX) , was not discussed by Dalidchik and Sayvasov.
There is unlikely té be a simple amalytical expression for it which is
accurate enough to be useful. However, if the relevant excitation cross
sections and energies are known Sy(E)may of course be obtained by carry-

ing throngh the necessary integration nuwerically.

3. Calculations

Calculations were carried out relating to recombination in the
presence of hydrogen, nitrogen, carbon dioxide and water vapor. All cor-
tributing processes in hydrogen and nitrogen were investigated. Atten-
tion was however concentrated on the contribution from vibrational transi-
tions in the case of carbon dioxide and on that from rotational transitions

in the case of water vapor. These are of interest in connection with re-

combination in gas mixtures.

We shall first briefly indicate the assumptions made about the rele-

vaant molecular properties.

The structural parameters were taken from the books by Herzberg (1945,
1950) or from references cited in them. The quadrupole wmoment of H2 is
0.393ea% (darrick and Ramsey 1952) and that of Nz is 0.96eag (Smith and
Howard 1950); the dipole wmoment of H20 is 0.736ea0 (McClellan 1963).

The elastic scattering cross-sections of Hz and N2 towards slow elec-
trcns were put equal to 308% and lSag respectively (Moiseiwitsch 1962).
Elastic scattering by HZO was disregarded since scattering by a rotating

dipole is predominantly ineiastic (Crawford, Dalgarno and Hays 1967).

The values adopted for the rotational excitation cross-sections of

Hz and N2 were those given by the distorted wave approximation (Takay-

anagi and Geitman 1965). In the case of H2 these are much larger than

e e oo

TV e o e e T R LT e e TR o - -
R T ST L MRV A TR TR W+ S T G GRm g Fhm o e T TR

L st AE RN 1

LY SR A I A DI A S (B 8 S al

DAL AN AN K 2 S ant By 34 2

LY ..u:«cmm&xwmmm.mmmwvmm.xz.kx\!mtms.’f&t.:‘mummwm.mmlmnmeim.vma.fw;msumwm.ﬁr&&mmmuum X




o TR Sy ) S e oo S R A 1 et e e o e
LGRS R g b oy P T TR AR e oy R S RS T

the cross-sections giveia by the Born approximeric= {(Gerjuoy and Stein
1955), but in the case of N2 the two cross-sections do not diifer
The rotational excitation cross-sections of H,O were obtained

X greatly. 2
4 by substituting the linme strengths calculsated py Cross, Hainer and King
(1944) into the formula which Crawford (1967) derived for asymmetric top
molecules using the Born approximation. ©Dalidchik and Sayasov (1967)
took nzo to be a linear dipole molecule having a momeat of inert’a equal

to the smallest of the three principal moments. Calculations which we

773 P DA

have carried out on the collisiocnal corductances show that this is quite

VTR LT

a good approximation.

The cross~sections for the vibrational excitation of F2 and CO2 were

*
taken from weasurements by Schulz (1964) and by Boness and Schulz (1968)
were taker from

TP} T WITOR s ¢

R

respectively; those for the vibrational excitaticn of N2
Reliable information on

the theoretical investigation by Chen (1364).

the vibrational excitation of HZO is not available., Takayanagi (1965) g
% has suggested that im the case of a linear mwlecule the cross-section ls 2
E approximately 7 r §
% 2rnd¥v 1) ') 3
: v, J+0+1,J+1) = St lids g €8 TI-47 2
B ot = AL DT, 1-47) 3
: E
=, - ]
2% in which ¥ is the veduced wmass of the vibrating atoms, Re is the equilibrium
IS internuclear distance, IV is the vibrational quanta, the other symbols 3
. 'ﬁ
& have their usual significance and all quantities are in atomic units. é
K Tentatively adopting this formuila for each of the vibrational modes we §
2 rather arbitrarily set M Re2 equal to 3 MP whare MP is the mass of the §
i protcen and took the rotational energy levels to be as in the model used §
7 5
7| by Dalidchik and Sayasov (1967). 3
3 The distance T, introduced in (IY¥-16) is ill defined. We tock it to %
]
be 0.1 nm. Fortunately the results zre iusensitive to the value chosen. g
3 Little need be said about the numerical procedure which is straight- §
% forward. Care is needed in carrying out the quadrature in (1I-31) because 3
3 3
b ry g
Following a private commnication from Dr. Schulz, the threshold energy
of 1.0 eV criginally reported was modified to 0.53 <V but the overall pat-
: tern of the variation of the cross section was retained.
3
ki
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of the sharp peak exhiibited by the integrand. Severe cancellation occurs
between the error functions in (II-32) so that they must be represented
very accurately. We used the 22-term even Chebyshev series for l;x-l erfx
through the region in which the independent variable x is less than 4.0

and used the 9~term even Chebyshev series for wixexp(z®)erfczelsevwhere :

AR USROS AN A YRR LSS NN Lo

(Clenshaw 1963).

Transitions involving levels for which q is very high, say above some

P

value q;, are caused mainly by elastic collisions (except in the case of

polar molecules). It is sometimes convenient to treat them by the method

of Pitaevskii (1962). This simplifies the evaluation of the infinite

summation appearing in (I-6): thus we obtain

> A9 _ & D ), pa
¢-§+x €lg)+A(g) {v-q.-u Clg+o (9)} +Pa, (11-48)

where
3y A6 et [ & }
P(g,) = Bimim3a N(Z) 1- [1 * SR e w] exp \ *-*—'-l%w)' . (11-49)

4. Results and Discussion

SR AL A LA LA S 40, 00 Comren i AL AAI DB B Det A A KR 035

a. Hydrogen

Figures yI-1 and IT1-2 show the results cbtained on the recombination of

an ion cf atomic mess 2 in molecular hydrogen. The values of the recom-

aep(2,Hy) are very high. They greatly exceed those
if the ambient

bination coefficient,

for acp(4,He) as calculated by Bates and Khare (1965). Thus

number density is 3 x 1019 cm-3, acr(Z,Hy) is 8 x 10‘7 cm3 s-l at 250 K
-G -

and is 8 x 10 ~ c:tn3 s L at 2000 K, whereas the corresponding values for

aip(4,He)  are 5 x 108 cn® s 1 and 2 x 107 e’ 7', There are two

main reasons for the difference:
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the reduced mass of the ion and third

[dadid {1 it

body is less in the first case than in the c:2cond; and the cross-section

of an H, wolecule for the elastic scattering »f slow electrons is greater
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than that cf an He atom. As the temperature is raised the cortribution

to acg(2,H,) from rotationai and vibrational tramsitions increases in

sty

£

gy

importance (Figure II-2).
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Figure II-1. Recombination coefficient aly for Z +6+H, - Z+H, as function of the hydrogen
molecule number density. The temperature §(K) is indicated on each curve. The mass

of the ion ia taken to be 2 a.m.u.
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Figure 1I-2. Recombination cosficicent aly for Z* + o0+ H, + Z + H, as function of the tempera-
ture. The hydrogen molocule number density N(H,) (cm-?) is indicatod on easch set of
ourves. The mass of tho jon is taken to Lo 2s.n.u. Curve a, all types of transition
inoluded ; curve b, vibrational transitions uxoluded; curvo ¢, vibrational and rotational
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Table I1I-3 picvides information on the recombination mechanism 3

:

the form suggested by Bates & Khare. It gives (i) the critical principal
quantum number 9y at which the term

#q
= - 11-50
e ) (11-50)

sf the summation in (II-7) is greatest; (ii) the values, 9jx~ ard ¢4x+-of ¢

below and above qx at which t(g) is ciosest to#t{gx); (iii) the actual

ratios

Tyx- = Hgyx-)tgx),  rpxe = Hgyx+)/tex), (11I-51)

and (iv) the ratios u{g;x-—1), plgx—1) and ulgix*—1)where p(a) is as defined in
(I1-6) sc that the extent to which these ratios fall below unity indi-
cates tne importance of radiative transitions. Rotational and vibrational
transitions make 9 larger than it is for helium. Moreover, they keep
radiative transitions insignificant, whereas in the case of helium such
transitions have a marked efiect at the lower densities and high tempera-

tures studied.

AN ARSI AN AN b RS TR LA N AN SN AT e A

For comparison scme calculations were carrjed out by the classical

B £ diffusion method. A trifling modificatior was made to the formula of
E E Dalidchik and Sayasov (1966): the evaluation of Fge(E) was carriad through
without the simplifying assumotion, which leads to (II-45), that the rota-

tional constant B is very much smaller than 18, this assumption being

LA AN L

invalid at the lower temperatures of interest in the case of hydrogen.

i In fact the modification had little influence on the final results. The
' ) derived values of some of the recombination coefficients are given in

g 3 Table [I-4 together with the corresponding values obtained by the semi-
quantal method. To avoid complicating the comparison these last are also

E based on the Born approximation to the rotacional cross sections and do

w YT

tot iaclude the contribution from vibrational tramnsitions. As would be
expectad the classical diffusion metlod gives larger recombination coef-

ficients because of the assumption that the negative energy levels of

43

9,
(28]
wn

tonen
VAN FAT 12N LAY N Ry 0T w A L1 ERT AL o N AR L DA B AN S TS0 Y B0 LH 0N M1 AT e d AL e 1 D A

'gi

B D S et KT S i K n iy o



2
1]
H

T

NI

L “"\'is il

Choptat

N

TR

e m g Aoy

G

rowss e e o rar e s e ar arv e e e —
R R T P o R S P A L T e T TRy : T e

TABLE IXI-3. RRCOMBINATION MECHANIS) FOR IONS OF ATOMIC MASS 2

IN MOLECULAR HYDROGEN
temperatie,
6K
19 25 >35
125 0.50 ~0.5
1.0 1.0 1.0
12 {16,21) >30
250 0.60 ~0.5
1.0 1.0 1.0
8 11 21
500 0.68 0.5)
0.97 1.0 1.0
8 8 16
1000 0.43 0.48
0.65 0.99 1.0
4 7 11
2000 0.58 0.53
0.24 G.99 1.0

The entries for each tumperature are almost independent of the number density N(H,)

provided this is not below about 10'? cm-*. They are arranged in the form

ex~ 9x 9gx+
ix~ ix~
ABgx-—1)  plgx--1) wlggxe =1

e rotation being sa defined in the text.

TABLE II-4. COMPARISGN UF VALUES OF RECOMBINATION COEFYICIENT OBTAINED BY
CLABSICAL DIFFUSION AND SEMI-QUANTAL METHOD FOR IONS OF ATOMIC XSS

2 IN MOLECTLAR HYDROGEN
tomperature, /K

— ) ~—

N(H,) em™* 125 500 2000
107 (@ 2.6-¢ 5.5- 1.3-1
(i) 1.0-* 2.8-10 5.6-13

103 ) 2.6- 5.5 1.3-*

(it) 1.6~ 2.6-% 1.0

108 (1) 2.6-¢ 5.5 1.3—7

(ii) 1.0-4 1.5 1.3-10

Notes. (i) indicatos cho clossical diffusion method and (1) the somi-quantal metkod using
samo crose-sections (se- text). Vibirational trausitions are ismored.
‘The inaws give the powars of i6 by which the entrice should bo multipliod.
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The effect is especially marked when the

an ion form a continuum.

density and temperature are high.
The results in Table II1-5 show that an increase in ux the mass of

the ion from 2, on the chemical scale, to infinity causes the recombina-

tion coefficient to fall to about 30 to 407. Their detailed pattern is

rather complicated because of the variation with temperature of the rela-

tive importance of the three types of collision involved. A significant

increase in Mx is normally accompanied by a change in the structure of

the system and therefore by changes in the radiative and collisional
conductances which are not taken into account in Table II-5. The radiative
conductances are relatively unimportant (see Table II1-3). Owing to resonance
effects some of the rate coefficients which determine the ccllisional
conductances may be greatly affected by the differences between the ener-
gies of the levels of X and the assumed hydrogenic values. The recombina-
tion coefficient is however, likely to be affected to only a minor extent

,
SR L T Lol

3 since it depends (see Table II-3) on a considerable number of transitioms.
‘ An upper limit to the recombination coefficient at a given temperature is
i previded by the classical diffusion method (provided the gas density is

high enough for radiative *ransitions to be unimportant). The last row of

4
: £ Table II-5 shows the upper limits obtained using the elastic, rotational
¥ vibrational cross sections adapted in the calculations by the semi-quantal
3 wethod, and evaluating Fi(E) and F4(E) by numerical quadrature. The factor

E [ by which the upper limit exceeds the corresponding recombination coef-

Vo

TABLE II-5. INFLUGENCE OF Ma88 My OF JON ON RECOMBINATION COEFFICIENT
IN MOLECULAR HYDROGEXN: N(H,) = 10" cm—®

oy

RSBV oA At D SR, T 1

3 tomperature, 6, K
% 250 500 1000 2000 .
3 : iy CIOPS™E 5
3 Meama P A _— 3
> 2 2.8 3.3 1.2 2.8~
3 H + 2.2-7 5.0-¢ 1.1-¢ 2.5-¢
- 8 1.9-% 4.5-* 1.0-* 2.4
7 w© 1.75-? +4.2-¢ 9.2-* 2.0
: upper linut {classical i
diffusion method): |
Uy infinite 1.6-¢ 2.3 1.0-° 5.8-% :

The indices give the powers of 10 by which the entries should bo multiplied. L
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ficient decreases as the temperature is increased. This is because the £

2

inhibiting effect of lack of balance between the initial and final pa

2

internal energies of the colliding systems is less marked at high tempera- 3

tures than at low temperatures. %

b

The recombination coefficient in a mixture of neutral gases is 3

not the sum of the recombination coefficients in each of the constituent §

gases. However, the collisional conductances are additive; and using g

3 formula (II-7) the recombination coefficient may readily by obtained from f:
¥ _é
d these and the radiative conductances (see § 2 in particular Table II-1). %
- The important collisional conductances for molecular hydrogen §
3 . . . £
= are given in Table II-6. Except hear a resonance they are decreasing func- -
3 tions of the i. 1 mass. %
9 }}%
TABLE II-6. COLLISIONAL CONDUCTANCES IN HYDROGEN+ :‘g
£ temperature, 6 'K temperature, §’/K H
~, N —— Y . - — .Y ‘é
e quantum 259 500 1000 2000 quantum 250 500 1000 2000 3
level €(q)/N(Hy) 31 kevel €(q);N(H,)/s! g
b 9 I A . q - —_ ~ £
ion mass 2a.m.u. ion mass 4a.m.u. 1;
= 4 48+ 26-%  83% 5077 4 21°* 147 85 457 :
3 5 1.1+2 1.9-3 8.6-* .37 3 5.1+! 1.3-3 7.0°¢ 8.57 g
2 6 3.2-T 43 20 6477 6 23~ 33% 18°% 62° 3
A 7 3.0 8.4-¢ 9.8-7 5.4-7 7 2,53 7.3 9.2-7 5.3 2
- 8  19-¢ 33-¢ 9.7 6.0 & L6t 3.0 9077 54° g
s 9 1.2-4 3.3-¢ 1.0-¢ 7.3 9 1.2-3 3.3-¢ 1.0-¢ 7.1 3
e 10 56~  3.0-¢ 1.2°¢ 887 10 58 3.0 11 837 3
: 11 L2 22 12 10 _ g
b: 12 1.1-% 2.4 1.4 1.2-8 ion mass 8a.m.u. i
13 7.2 25-% 16 15 4 391 94t 55 41° 3

14 7.2-¢ 2.6-* 1.8-¢ 1.3-¢ 5 2.7 9.2-4 5.9-¢ 6.0°7 3

B 15 7.0% 28 20~ 22-¢ 6 20~ 27 17Y 6.0 K
18 3.7-% 28-%  23-¢ 239 T 223 G5 907 53 3

17 58% 3.0-% 27-¢ 34 R 14t 27 897 547 g
3 18 59 33-¢ 3.1 42-¢ 9 13-4 33 10t 707 $
: 19 59 36-¢ 37-¢ 51 10 6.0* 3.0 LI R0 3
g 20 5.6 39¢ 43* G2 3
3 21 5.6-¢ £4.3-% 3.0% - ion mass infinito E
3 22 5.8-¢ 4.9-¢ — - 4 1.1+t 5.6-¢ $.3-¢ 35° 3
23 6.1-¢ _ — —_— K] 1.0+ 3.6 4.6-¢ 5.0-7 g

3 6 18- 33 160 5.0
3 . 719 64t R8T 33 ° H
3 8 la-s ag-s g0t G0 F
E 9 147t 4.0+ 1.0* 7.0 3
. 10 633 33 LI TaT :
z

3 4+ More oxtensive tables are given by Malaviya (1970). 4:
The indicee give the powers of 10 by which the entries should be multiplied. 3

E 28
3 g
3 3
3 3
3
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b. Nitrogen and Carbon Dioxide

Results of calculations on acg(28|N,;) by the semi-quantal method,

with the radiative conductance taken to be f(2)(q|H) of Table Ii-1 are dis-

played in Figure II-3 along lines of constant temperature. Figure 1I-4 shows

some of the same results along lines of constant density and olso shows

the effect of neglecting vibrational transitions. For comparisoa pur-

poses results of calculations using formulae (11-43) and (I1-45) of the clas-
sical diffusion method are included in this figure.

As may be seen collisional radiative recombination in nitrogen

is much slower than in hydrogen. There are two main reasons for the dif-

ference. First, elastic collisions are unimportant in the case of nitro-

gen because of the molecules being so massive, whereas they are quite

significant in the case of hydrogen. Secondly the rotational constant B

is considerably smaller for nitrogen than for hydrogen which renders the

rotational transitions less effective (see Figures II-2 and 11-4).

108 r

109

recombination coofficiont, agyfoin? e ?

|

S - »
I&T )013 10!9 xo'Rl 1“.1
numbor donsity, N(N,);em-3

1)

Figure II-3. pecombination coefficicnt aiy for Z* +0+ K, — Z+X, aa function of the nitrogea
moleoule number density. The temperature §(K) is indicated on cach curve. The mess

of the ion is taken to be 28 a.m.u.
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Figure I1I-4. Recombination coefficient ay for Z°+6+X, ~Z + N, ss function of the tempers-
g ture. The nitrogen molecule number density N(X,) is indicated on each curve. The mass

of the ion is taken to be 28 a.m.u. Curve a. all typee of transition inciuded; curve b,
vibrational transitions excladed (full line, semi-gquantal; broken line, classioal diffusion).
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The resulfs obtained by the classical diffusion method differ
markedly from the results obtained by the semi-quantal method (Figure II-4).

AL N0t 2 i o]

? This is because the main resistance to the down-flow of the recombining
2 electrons arises from the wide gaps (ignored in the classical diffusion
3 method) between the levels of low principal gquantum number. These gaps ;
3 are mainly bridged by collisions involving vibrational transitions (Fig- :
i ure 11-4). 3
i Table II-7 shows how the recombination coeff?cient derived using :
5 the semi-quantal method depends cn the mass Mx of the ion. 1If Mx is ;
é expressed in units of the mass of the molecule the dependence is rather %
E similar to that for hydrogen (Table II-5). To regard MX as a quantity which §
E may be varied in isolation is of course artificial. The remarks made in E
: l this connection towards the end of 3 are relevant. Little guidance i?
30 ;
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TABLE 11-7. INFLUENCE OF MA88 My OF YON ON RECOMBINATION CORFFICIENT
IN NOLECULAR NITROGEN: N(N,) = 10¥ cm—3

Sy

£ temperatare, §/K §
£ 250 500 1000 2000 '
E acglemds-?
E My/ama. p —A —_ 3
£ 7 1.7- 5.3~ 1.8-* 8.1-1 ;
£ 14 11~ 3.7~ 14~ 6.6-10 §
é 28 7.6 2,7 1.1-* 5.5~1 ]
56 5.8~ 2.1+ 9.4-10 §.7-1
. 112 4.8~ 1.8- 8.2-10 4.2-10 3
upper lnmt (classical 3
diffusion mothod): 3
é M infinite 2.4~ 3.8-7 5.7 7.2~ 5
< ‘The indices give the powors of 10 by which the entries should be multiplied.

3 is provided by the upper limits obtained from the classical diffusion %
method. These are given in the last row of Table II-7. Each is very much %

1 greater than the corresponding value of the reccmbination coefficient g

3 calculated using the semi-quantal method. This is mainly because of the §

: closeness of the molecular energy levels and the largeness of the reduced 3

? mass. %

§ Collisional-radiative recombination in pure nitrogen gas is too %

H f slow to be of wuch interest. Instead of presenting further results on the g
i r rate of this process we give in Table II-8 some collisional conductances %
9 1 which may be required in calculations on recombination in gas mixtures g
= ; .ontaining nitrogen. %
‘ : In the case of carbon dioxide collisional conductances have been %
;- 3 . computed for the lower levels where vibrational transitions dominate. §
»i 3 The values obtained have been tabwlated by Malaviya (1970). They are %
% E smaller than the corresponding values for nitrogen and will not be given E
?j ; here. %
E: 3
k> c. Water Vapor and Damp Gases 3
g Table Ii-9 contains a selection of the calculated rotational com- §
E tributions to the collisional conductances of water vapor. Most are §
3
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TABLE I1-&. COLLISIONAL CONDUCTANCES IN NITBOGENt

temperature, /K temperature, /K
quantum 250 500 1000 2000 quantum 250 50C 1000 2000
lavel Clg)/N(N4)/s? level €(q)/N(N,)/s?
q r ~ q ’ A —
ion mass 7a.m.u. ion mass 28a.m.u. (cont.)
4 2,41 2.1-3 2.3 1.8~ 13 647 2.1 1.6-7 2.0~7
3 8.9+ 447 3.6-* 2.7~ 14 5.6 2.1-7 2.0-7 2.8-7
6 240 2.8-3 2.7-% 2.2-¢ 16 4977 2.7 2.9 4.4~7
7 1.0 1.3~ 4.3-¢ 747 16 9.1-7 4.2-7 447 6.6-7
8 2.2-¢ 347 1.5-7 1.6~7 17 9.0°7 5.77 8.4-7 9.2-7
9 2.0-¢ 347 1.6-7 1.6-° 18 1.0-¢ 7.471 9.0-7 —_
10 2.2 8.7 1.9-° 18- 19 1.2~ 0.5-7 —_ —_
. 20 13- - — —_
ion mass 14s.m.u.
4 3.1} 3.6 3.0 2.7 ion mass 56 a.m.u.
5 35 40m 307 3.0 4 41 482 420 2y
() 3.1-? 3.6 3.6- 3.5-¢ 1 -3 s s
5 41 5.0 4.9 3.8
7 1.271 1.6 5.1-¢ 9.3-7 6 417 5.0~ 488 3.7-
8 14 287 1477 13~ 2 131 1ot  g3-¢  1o0-8
. 7 1.3 1.9 6.3 1.0
9 1.4~ 2.6-7 1.5~ 1.6-7 8 5.5-7 1.7 1.1-7 1.9-1
10 1.4-¢ 3.0-7 1.8-7 1.7-7 ’ : : .
- b * * 9 5.5°7 1.7-7 1.2-7 1.3
ion mase 28a.m.u. 10 5.5-7 1.9-7 1.5-7 1.5-7
4 36v 42 360 3.2t )
5 3.7+ 4.4 4.3 $.4-¢ ion maas 112a.m.u.
6 3.7 4473 4.2 4.2-¢ 4 449 5.2-% 4.5-3 31
1 1.3- 1.8¢ 5.8-¢ 1.0-¢ 5 449 5.4 5.2~ 4.1-¢
8 3.6~° 2.2-7 1.37 1.3-7 6 447 5473 5.2 4.0-9
9 8.8-° 2.2-7 1.3-7 1.5 7 137 2.0-¢ 6.6-¢ 1.1-¢
10 8.8-7 247 1.6-7 1.6-? g 3.9 1.4-7 1.1-? 1.1-7?
11 1.1-¢ 3.3~ 2.0 1.9-7 9 397 1477 1.1 1.3-7
12 1.3-¢ 3.6~ 2.1-7 2.2-7 10 3.9-7 1.8-7 1.477 1.5

1 More extensive tables are given by Malaviya {1970).
Th indioes give the powers of 10 by which the entries should be multiplied.

several powers of teun greater than the corresponding total collisional

S
§
Z
3
5
2
3
3%
E
&

conductances of non-pols gases.

v

2

Using formula (II-47) the vibrational contributions at the lower

principal quantum numbers were computed. They were found to be only
' woderate in wmagnitude. 1In treating gas mixtures like damp hydrogen or
damp nitrogen, it is a sufficient approximation to replace the vibra-

1 tional contribution from the water vapor by the vibrational contribution

B i o 1 o Py LY

from an equal quantity of the major gas.
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TABLE II-9. COLLISIONAL CONDUCTANOES IN WATER VAPOUR?

temperature, 6/K temperature, §/K
quantum 250 500 1000 2000 quantum 250 500 1000 2000
level €(9)/N(H0)/s? lovel €(q)/N(H,0)/8?
q r A — q / A -
ion maes 9 ¢ . m.u. ion masg 36a.m.u.
8 6.0 861 g.2-18 4]1-1 6 34°M 24-1¢ 35u  91-M
7 2.5 2.9-7 2.4 6.6-* T 2.4-% 2.8-7 2.4~ 6.1-*
8 1.6-¢ 1.2-4 8.0-¢ 6.2-¢ 8 1.8 a.5-¢ 6.6-¢ 5.8-¢
9 183 2.1-¢ 5.6-* 2.3-> 9 1.5 2.1-¢ 5.7-% 2.5
10 4.8~ 3.2-¢ 7.2-% 3.5-¢ 10 4.7 3.3 7.6-% 3.8-%
11 2.0-3 3.6-4 1.6-¢ 1.0-¢ 11 1.6-3 3.2~¢ 1.6-¢ 1.0-¢
12 34 6.3-¢ 2.7¢ 1.8-¢ 12 2.8 5.8—4¢ 2.7-4 1.8
13 29 7.6 4.0~ 3.0 13 2.7 7.2-¢ 4.1-¢ 3.1
14 4.5 1.1-% 6.8 5.5-¢ 14 467 1.1-3 6.8-¢ 5.6-¢
16 363 1.4-3 1.0-? 9.0-¢ 15 3.5 1.4 1.0-3 @.1~¢

ion mass 18a.m.u.

6 3831 121 1] 251
7 2.5 2.9-7 2.4 6.3-*
8§ 1.6 1.0 7.2-¢ 6.0-¢
9 1.6 2,1+ 5.7-% 2.4
10 4.8 3.3~ 7.5-% 3.7
11 1.7 K- 1.6 1.0-¢
12 3.1- 6.1-¢ 2.7 1.8-¢
13 2.8 7.3-¢ 4.1-¢ 3.1
14 442 1.1-3 6.8~ 5.6
15 3.5 T4 1.0~ 9.1-¢

1+ More extensive tables are given by Malaviya (1970).
The indices give the powers of 10 by which the entries should be multiplied.

A

Figure II-5 shows the calculated collisional radiative recombination
coefficients in some damp gases as functions of the percentage by volume
of water vapor, a pressure of one atmosphere being maintained. As may be
ceen the presence of a small amount of water vapor increases the recombina-
tion coefficient markedly. The increase is due to the rise in the col-
lisional conductances through levels of high principal quantum nuwmbers

(see Tables 1I-3 and I1I-10).

vy SqrriTTdr R renTiv g

The classical diffusion method predicts faster recombination
(especially at the lower temperatures) since substituting from (II-46) ?

into ( 1I-43) gives

000
a=12x10"¥N(H,0) ‘“ 002} g (3—)) cm¥s!. (11-52)
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Figure II1-5. Recombination coefoient acy in damp gas mixtures at atmospherio pressure as
F: funstion of the percontage by volume of water vapour. The temperature §(K) is indioated

one.oh-e_tofcurva-. The mass of the ion is taken to be 23 a.m.u. Curve 1, hydrogen;
E oure 2, nitrogen; curve 3, hydrogen-nitrogen ([H,y):[(Ng)::1:2). - )
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TABLE II-10. RROOMBINATION MECHANISM FOR IONS OF ATOMIC MASS 28 IN A DAMP
X NITROGEN + HYDROGEN (n(Ng):n(H,) ::2:1) MIXTURE AT ATMOSPHERIC PRESSURE

4 water vapour (%)
p

temperature, + 32

|
|

6/K 7 8 9 7 8 9
500 0.0 0.4 0.1 0.1
1.0 1.0 1.0 1.0

10 6 8 9
1000 0.1 (U 0. 0.1
1

1
1.0 1.0 1.0 .0 1.0 1.0
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The basic cause of the difference may be seen by considering
the integrand of expression (II-43) for the recombination coefficient.
It goes through a maximum, corresponding to the conductivity going through
a minimum, where !EI is 3k@ which is where the principal quantum number

q, is 2309-1/2 if the energy levels of X are hydrogenic. However, the

semi~quantal calculations show that the rotational contribution to the
collisional conductance does not begin to increase as q passes below
2306-1/2; instead it continues to fall more and more steeply because of

the widening separation between the energy levels. The collisional coa-

AW AR AR R 20 1,

ductance does indeed increase; but this is due to the growth in the
vibrational contribution. Formula (II-52) does not take the vibrational

contribution into account which introduces an error in the opposite sense

to that arising from the overestimation of the rotational contribution.
Since the two errors are entirely unrelated they can scarcely, in genera:i,

approximately cancel.

The rate crefficients for the rotational transitions of water
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greatly exceed those for the vibrational transitions of hydrogen or nitro-
gen. Hence formula (II-52) gives an upper limit to the recombination coef-

ficient provided the water vapor has not such low abundance relative to

the main gas that it does not control the conductances on the outer side
of the minimum. This upper limit is of interest in connection with the
problem of recombination to complex ions which are such that the energy
levels of X lie much closer tcjether than the hydrogenic levels assumed

in the semi-quantal calculations.

An experimental study of the decay of Pb+ ions in flames at
atmospheric pressure has been carried out by Hayhurst and Sugden (1955).
Mass spectroscopic uneasurements showed that the ratic [Pb*}/[Pb .H,0] was
about 300 which enatled Hayhurst and Sugden to dismiss the dissociative
recombination process

Pb*.H,0+e->Pb+H,0 (11-53)

and to infer that the decay was caused by recombination following a col)-

lision betweer an electron and a neutral molecule, probably HZO as in

[




Their results, expressed as effective binary recombination coefficients,
are given in Table II-11 where they are compared with the corresponding

result obtained by the semi-quantal method and by the classical diffusion

% method. It may be seen that the measured values of the recombination
% coefficient are straddled by the calculated values in the predicted manner.
%
3 In view of the ion concerned it is reasonable that they should lie closer
: tc the upper limit than to the lower limit.
+
: Kelly and Padliey (1969) have investigated the decay of Ga+, In

+ . X . .
and Tl ions in flames at atmospheric pressure. In accordance with the

theory the recombinaticn coefficients obtained for these heavy ions did
not differ significantly from each other or from the recombination coef-
ficients for Pb+ ions (Table II-11).

Unfortunately direct determinations have not been made of the
recombination coefficients for Na+ or other light ions the parent atoms
of which are nearly hydrogenic. Hu.7ever, there have been studies (Hay-
hurst and Sugden 1565, 1667; Kelly and Padiey 1969) of the growth of the

ionization of alkali atoms in f£lames at atmospheric pressure. The growth

is att:ibuted to prccesses like

TABLE II-11. RECOMBINATION COEFFICIENTS FOR Pb* IONS IN DAMP
NITROGEN-HYDROGEN MIXTURES AT ATMOSPHERIC PRESSURE

3
i

recombmation coctticient cm3s-!?

3 composition of minturet roe e A e

ke volume percentage calculated

= temperature, ,—-—-— - - -\ rm——— N e e
b &K N. H, H. measuredi  lewer hmit  upver himit
3 1680 a7 14 19 RS 9.2 223

i 1785 63 it 2i 1.2t 8.0-? 1.7-%

. 1800 G3 16 21 1.3 ¢ 7.0 ie*
e 2005 LT 25 o5 X1 4.3 1.1-%
2010 50 25 25 R 5.0 1.1-4
| 2260 4 23 30 610 3.1 ¢.9-3
| 2270 47 23 20 61 3.0 ns-e

t The tempereture, the recombmation cceflicient and the percentage of water vapour are
given in Hayvhurst & Sugden (1965): other information on the colnposztion iz myvenin Havhurst
& Sugden (1966, 1967).
The indices give the pouers of 10 by which the entries should be multiplied.

ofigics
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Pb*+e+H,0->Pb+H,0. (11-54)
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Na+H,0->Na*+e+H,0, (11-55)

and from the measurements carried out the recombination coefficient for

the inverse process

Na*+e+H,0>Na+H,0 (11-56)

may be deduced. The values obtained are almost the same as those for

the other species of ion mentioned in the two preceding paragraphs. In-
deed Kelly and Padley (1969) comment that there is no detectable dependence
of the recombination coefficient on any physical property peculiar to each
element (such as the ionization potential or the electronic structure).

The comment is not in accord with the expectation that the recombination
coefricient should lie closer to the lower than to the upper linmit (see
Tatle II-11) if the energy levels of system X are almost hydrogenic. This
does not necessarily mean that the physical picture presented here is in-
correct; it may merely mean that the semi-quantal method underestimates
the recombination coefficient for a hydrogenic system by a factor of about

2 which in theory would not be surprising.

Further measurements are needed, especially on recombination in

different gas mixtures.
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I1I. THE SCATTERING OF THERMAL ELECTRCNS BY CARBON MONOXIDE

by A. Dalgarmno

ABSTRACT

T R & T (RS o)

Close~coupling calculations are carried out for the scattering of

Rl

electrons with energies up to 0.1 eV Ly a rigid rotator with dipole and
quadrupole moments equal to those of carbon monoxide. By appropriate
chcice of the short range potential, the experimental data on CO momentum
transfer cross sections can be closely reproduced. For the scattering of
thermal electrons, CO is similar to Nz with the addition of a permanent
dipole moment. The observed cross section minimum occurs through the
addition of the decreasing electron-dipole contribution and an increas-

ing spherically symmetric sho:t range contribution.

Detailed angular distributions are presented for elastic and rota-

tional excitation collisions. Transitions in which the rotational quantum

il DM AR WD A 0 SN s Bt B A L S S M B S s bl st oA BRI AR AN b AL T S oML

number changes by unity are strongly peaked in the forward direction and
transitions in which the rotational guantum number changes by two are

nearly isotropic. The elastic scattering is peaked in the backward dir-

ection.

A. INTRODUCTION

The cross section for inelastic scattering of low energy electrons
in polar gases resulting in excitation of rotational wmodes of the polar
gas is large, for polar wolecules with sufficient static dipole moment.
Knowledge of the cross section is required in order to study the energy
loss process of atmospheric electrons, and in order to determine the
rotational temperature of the atmospheric polar molecules. Explicit
calculations have been carried out for low energy electrons in CO. Momen-

tur transfer and rotaticnal excitation cross sections have been obtained,

including angular differential cross sections.

o=

B. BACKGROUND

There has been much discussion of the scattering of thermal electrons

by polar molecules (see Christophurou and Christodoulides 1969, Christo-
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phorou and Pittman 1970). A case of particular interest is that of carbon

wonoxide because swarm data are available that have yielded scattering
cross sections over a considerable range of electron energies (Hake and

Phelps 1967). An accurate theoretical description is afforded by the

close~-coupling formalism of Arthurs and Dalgarno (1960), previous calcu-~
lations of the momentum transfer and rotational excitation cross sections

for thermal electrons in CO having been restricted to the first Born

approximation (Singh 1970). Close coupling calculations for simultaneous

rotational and vibrational excitation at energies above 0.4 eV have been

reported (Itakawa and Takayanagi 1969).

C. THEORY
We assume that for the scattering of thermal electrons the molecule
can be regarded as a rigid rotator specified by rotational and projection

quantum numbers j and nB. In the close-coupling formalism the angular

momentum j of the rotator is compounded with the orbital angular momen-

tum 1 of the electron to form a total angular momentum J. The interaction

potential V(r), where r is the position vector of the electron measured

from the centre of mass of the rotator (see Figure I1I-1), has matrix elements

GU; WVIj'r:J>,  diagonal in J. between the different channel angular

momentum eigenfunctions.

The scattering marrix  S(jI;j'I) is defined by the requirement that

the solution #//i(r) of the set of coupled equations
k2 d? ' +1 | T
_[____2 R AT
Zul dr y ' (T11-1)

+ I3 FU IV Tk (r) =0

s s/
— e
o

where ky; is the channel wave number, behaves asymptoticaliy as

I

“;'1'(')"'811'811' cxp{ ~i(k,,r ~ )}

"
-

k’ ! vy .
B (F‘,) SUGL Ty expl+ ik, - —4im))
Ny

(Arthurs and Dalgarno 1960).
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Then the differential cross section for scattering through an angle

with excitation from level j to level j/ is

do(j—>j58) (-7 L . . .
= A P 0 -2
aF W2+ D)k, 2 4-26 AU )P (cosh) (I11-2)

where P, are Legendre polynomials and A; are expressible in terms of

the scattering T matrices

TGl j°T) = 8,8, - S'GL; j'T").

M A P ¢

Figure J1I-1. The coordinates 7 and 6" are shown. M is the centre of mass of CO.

Introduce the algebraic coefficient

Z(abed; ef) = (— 1)WS ~avey b+
¢ f) @a b e)

{(2a+1) (25+1) 22+ 1) 2d+ ) 2f + D (¢ la e s

0 00

a ¢ f a b e - . . -
where (0 0 ({) and {d . f} are respectively 3-j and 6-3 coefficients.
Then

.. © = J|+~i PR L+ I+ 1
A== > > 5 3 2
13202320 lLim|Jy=j] lymlta-7: L=l -5 = ifa~ g}
X 2L T2 N2 Ty by Ty; 0
x Th(j'ly; jLYTH(j'l,; jL,).

The total cross section for the j—j° transition is given by

REPTE W P ez o O O P A Ak

(111-3)
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{ and the momentum transfer cross section is given by

i) = Soi 1= [ 3 52U 2T 00 - costy a0

= 7 e
- (%:%r S (4o > ) -4~
5

G D . INTERACTION 1UTENTIAL
B
3 i To construct an interaction potential, we assumed initially that
3 apart from its permanent electric dipole of moment 0.112 x 10~ 8 esu cm,
B carbon monoxide is essentially similar to the isoelectronic nitrogen
= molecule (Hake and Phelps 1967). The interaction potential can be written
E as a sum of a polarization interaction V,r), a dipole interaction V,(r)
4 and a quadrupole interaction V (r) . For V, (r) we adopted the form
vV (r) = - _____aoez L £
3 » 2Ar?+1,2)?
; . U U i S OB S
. AP+ A +r)P b2 +(r 1)
=
s
: § where 29 = §(2,+22,) 2y = §(z,~a.)
, i ’ a, and g« being respectively the parallel and perpendicular polariza-
H f bilities (see Hirschfelder et al. 1954), and 17, 7, and b, are disposable
' paramecers. The argument r is the position vector of the electron rela-
tive to the center of mass of CO, and 6/ is the angle between r and the
: wolecular axis. For V(r)we adopted the form
3 43
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3
Vo(r) =0 r<ry
eD (r—r4)?

Velr) = P,(cosd’)  r37

1E b+ (r—rg)f

where D is the dipole moment of carbon monoxide, and for V() the form
V(r)=0 7T <7,

CQ (""'q)z ’
V‘(f)=—;ml’z(cos¢9) ';rq_

where Q is the quadrupole moment of carbon monoxide (the Q:.: of Stogryn

and Stogryn 1966), and s g, 7, and b, are disposale parameters.

The potentials F,, Vqand V; have the correct asymptotic behaviors

e«
Vo)~ —4 25 4P, (cos)

D
Vy#)~ ';2-?1 (cost’)

V(r)~ eg_ P, (cost’).

PO Lot At ode Y 13 A AL AR N L A e F AR T Y B AP ot D SN i e W R AN 1 i

The form of the spherically symmetric part of Vy(r) is that which proved 3

successful in the interpretation of the scattering of low energy electrons

by molecular nitrogen (Sampson and Mjolsness 1965) and its short range
behavior reflects in a phenomenological way the effect of exchange forces.
The elastic sc.:tering cross sections depend initially on the short range
spherically symae .ric component of 1(r) and we chose 7o so that our calcu-
lations reproduced the momentum transfer cross section measured at the

energy of 0.03 eV.

The interaction uf an electron with carbon moroxide cannot be properly

described by a local velocity independent potential for values of r smaller

20 2 PO 4l 1 LA 70 b3 e EOMH L Dind I AL L0 1 h Br et N RS P a el AT

than the equilibrium C-O separation for 7, . The cross sections for thermal

electrons are however, insensitive to the detailed form of the orientation-

dependent terms for r<r, and we imposed arbitrarily the requirements

CRT 7T PP, U Y

that Vo and ¥V, vanish forr < jr,and r < ¥r, respectively, these values being

our estimates of where the corresponding components of the static field of

E
3
3

CO change sign. We terminated the angular term in V, also at r=1ir, .

2
4
E
g
F
:
3
E:
3




; ?g
3 The values adopted for the potential parameters are listed in Table II1I-1. %
; The dipole polarizabilities are taken from Bridge and Buckingham (1966), 3
3 =5
2 the dipole moment from Barnes (1958) and the quadrupole moment from %
E: ) 3
£ Stogryn and Stogryn (1966). :
E. CALCULATIONS 2
e Because of the long range of the electron-dipole interaction, many %
? / partial waves contribute to the scattering. Even close to threshoild, E:
{ over 100 values of J must be retained. The computational difficulty can g
:k 3 be avoided by recognizing that as J increases, the exact T matrices %
: rapidly approach the first Born approximation T matrices. Indeed in no g
; TAELE III-1. Values of the potential parameters in V(r) 5;
‘ ] Parameter Value _g
s %o 1.977 A3 3
E %2 0-355 A3 i
= 7o 0-693 A 3
: Ty 0564 A g
£ b, 0-1A 3
3 D 0-112 x10 *esucom
Te 0-564 A E:
3 be 0-1A 2
= | o -2-5 %10 2 esucm? E
: e 0-84¢ A 2
E ) b, 0-1A E:
= 2
F 3
: k
Z 3
2 case did we find it aecessary to solve the close-coupled equations (1II-1) 3
3 - 5
7 for J > 7. The TJ matrices for the first Born approximation, TBJ, can %
: . . z
S be easily calculated. With the long range electron-dipole interaction, g
E: 5
3 the first Born approximation allows only transitions in which j changes E:
? by unity, and with the long range electron-quadrupole interaction, the §
; first Born approximation allows only tramsitions in which j changes by é
.? two (for I states of diatomic molecules). For both interactions, the %
. first Born diffe:e~tial scattering cross sections takz simple forms (see g
2 Crawford et al. 1'¢7), é
3
E
3
= A3

YL BT LR CoTa Ry




The direct evaluation of the summations (III-2) and (III-3) is tedious.
Equation {III-3) has the structure

A, = (T T, . TNX, [ T° 7

[ T |

L]

where 'I‘J is a column vector whose elements comprise all the T matrix

elements with angular momentum J, 7¥' is a row vector that is the Hermitian
conjugate of TJ and X, is a symmetric matrix. When TJ is replaced by the

Born matrices TB" for J greater than or equal to some value F, A, be-

comes

A(F) = (T, .. TF-1%, TgF*, .. To= )X, [ T -

TF—I
ToF | (1T1-4)

£
%
2
5
:\:
3
5
t';
i
;
E
*
3
:
3
3
3
%
]
2
|

[TBQ i *
The Born approximation itself is.I,’(0). The matrix X; connects only

3 those elemenis Z° and 77 such that J~Jig A Thus

TSRS EARK st A Sk i 0 2 O T AN st deazddas
deardia;

‘: AS(F)=A)0) = {T°, ... TF-1*, TFY, . TeF* 40X, rT°
H TF-1
Ta*
' g | TWF* AJ
;: ; —_ {TBO’ .. TBFQ ?}_\ X TBO
;
2 !LTD'“‘ f
3 A, () can be calculated from the analytical form of the Born approxima-
2 tirn differential scattering cross section (see Crawford et al. 1967) and
the direct evaluation of an infinite sum, as in (I1I-4), is avoided.
E §
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The values of A, for large values of A are needed only for the con-

.
-
E
3
k
3
%
b
3
5
£
25
P
K
%

struction of the differential scattering cross section at small angles.
But for large values of A, .A; and A4, approach the Born approximation

A0 . Thus if £ and F are sufficiently large,

AN AL AT RS

do o doa(-i) (=1L b 0N (cond
U = TR s 3 (A4(F) = 4 O) P (cos)

where dog/d? is the Born approximation to the differential scattering

cross section.

F. RESULTS

It is clear from the comparison of the first Born approximation and
3 the fixed rotator approximation of Altshuler (1957) that, except very
g close to the =xcitation thresholds, the momentum transfer cross section
: for electrons scattered by CO is nearly independent of the initial
S rotational state of CO (Crawford et al. 1967, Bottcher 1970, Crawford 1970)
: and accordingly of the gas temperature. Thus the close-coupling results,
obtained from the numerical integration of (III-1), yielded a value of
7.41 8 2 for o_ at 0.1 eV both for an initial j of 0 and of 10. At
5x 1.0-3 eV, the values of T for j = 0 and j = 3 were respectively 13.SX2

Jorentd Lot

y e

and 13.0 X?. The remainder of our calculations were carried out with

j = 0.

i

The value of r, that reproduces the experimental cross section at

0.03 ev is 0.693%. Figure III-2 compares the close-coupling results for %

SR

with the measured values at other energies and demonstrates that the

Gh iRk L

harmony between theory and measurement is maintained. Figure III-2 also in-

v

cludes the Altshuler approximation (1957), which is essentially equivalent

3 to the first Born approxkmation corresponding to the electron-dipole
.} ‘ ' interaction (Crawford et al. 1967). At low energies the collision is
b dominated by rotational transitions due to the electron-dipole interaction
and because the scattering is strongly peaked in the forward direction and

the dipole moment is not large, the scattering is accurately described by
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the first Born apprcximation. The cross section due to the electron-
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Figure III-2. The momentum transfer cross section for electrons in CO. Full
curve denved from swarm data by Hake and Phelps (1967); broken curve, the

Born approximation of Altshuler (1957); x, the results of our close-coupling
calculations.

dipole interaction decreases as Ehl. The observed minimum in o, near

0.93 eV occurs because at higher energies, the elastic scattering by the
spherical component of V(rx) provides the dominant contribution to oo

The contribution from quadrupole excitation to j/ = 2 levels is nearly
independent of energy and it is not negligible. Thus scattering by CO

is qualitatively similar to scat*ering by N2 with the addition of electron-
dipole scattering. A detailed analysis is given in Table III-2 which lists

the individual contributions to % from elastic scattering Aj = j/-j = O,

TABLE I11-2. Momentum transfer cross sections in Al

Energz (eV) 0.005 901 0.03 0-05 0-1
cu(0 ~0) 0-51 0-97 2:39 3.51 5.73
ga(0 = 1) 11-83 3.50 1-90 1-12 0-53
oa(0 —2) 0-96 1-03 1-06 1.07 1.10
aa(0) 13.30 7-86 5:35 5.70 7-40

single quantum excitation Aj = 1 and two quantum excitation Aj = 2. There

occur some contributions to Aj = 0 and Aj = 2 transitions from the virtual
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dipole-dipole sequences but for CO they are not large and alwost all of
0,(0 = 0) arises from V(f) and almost all of 0,0 =+ 2) from Vr) .

For scattering by a molecule with a large dipole moment such as CN (Iti-
kawa and Takayanagi 1969, Crawford, Allison and Dalgarno 1969), the situa-

tion is reversed.

The elastic and excitation cross sections o(0+j’) are listed in Table III-
3. The values of ¢(0~1) are close to those given by the first Born

approximation.

TABLE III-3. Total elastic and excitation cross sections in A?

Energy (eV? 0.005 0-01 0.03 0.05 0-1
0(0—-0) 0.40 0-74 1.78 2-58 4.15
o(0—1) 45-06 26-87 11-20 7-34 4-09
0(0—-2) 0-96 1.03 1.07 1.08 1-11
o(0) 46-42 28-64 14.05 11-00 9.35

T RSN TRN Ry MO SRR T IR IR AN WO

i R 3 R e T M 2
N Y O R O A W P A BT SR AP A OYT

The differences between o(j~j/) and crm(j-oj /) are a consequence of the
angular distributions do(j—+j)/df. The calculated distributions are illustrated
in Figures III-3, I1I-4 and III-5. Those for do(0 - 1)/df are given in the form

of the ratio to the distribution, dogjdf, obtained from the first Born

approximation for the electron-dipole interaction. The angular distribu-

tions are required in the theory of recombination in molecular gases
developed by Bates et al. (1970).
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Figure ITI-3. The angular distribution of electrons of various energies scattered by
CO in an elastic 0~ 0 rotational transition.
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Figure III-4. The angular distribution of electrons of various energies scattered by
CO in an inelastic 0—1 rotational transition. The distribution is given as the ratio
to the angular distribution calculated from the Born approximation assuming an

ele“tron-~dipole interaction.
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Figure III-5. The angular distribution of ciectrens of various energies scattered by
CO in arn inelastic (2 rotational transition.
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The differential cross section for Aj = 1 scattering is charply peaked
at small angles behaving there almost as (1-k,. cosf/k,)~! , as expected for
an electron-dipole interaction (sce Takayanagi 1966, Crawford =t al. 1967),
and the differential cross saction for Aj = 2 scattering is nearly iso-
tropic as expected for an electron-quadrupole interaction (Gerjuoy and

The elastic scattering cross section depends upon the detailed
The

Stein 1955).
form of V(r) and with our choice it peaks in the backward directioa.

{l-cos8) factor in o, Suppresses the strong forward peak associated with
Aj = 1 scattering and cm(0~1) is much smaller than o(0 - 1). The cross

sections are comparable both for Aj = 0 and Aj = 2 transitions.
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IV. ASSOCIATIVE DETACHMENT OF O AND O

by A. Dalgarno and J. C. Browne

Theoretical studies of the rate coefficient for the associative de-

tachment reaction

X+Y ~XY¥+e

requires accurate knowledge of the potential energy curves for both the
neutral and negative ion molecule. Also required are calculations of
the half-width for the radiationless transition. The calculation of the
half-width is very difficult for complex systems, so that entirely pre-

dictive calculations have been carried out only for the simple reac-
tion (Ref. I-3)

H+H -~ HZ + e

A critical parameter in the calculation of the rate coefficient for

associative detachment of 0 and O :

0+0 ~0,+e
are the interaction energies at the intersections of the 02- and 02 poten-
tial energy curves. 1f any one of the crossing points lies energetically
below the asymptotic limit at infinite separation , the process can be

expected to be rapid at thermal velocities.

Accordingly we have carried out elaborate configuration interaction

calculations for the zﬂg and %ﬁu status of 02 as an extension of our

previous work.

The orbital exponents for the 2p orbitals were chosen so that the
resulting curve had an electron affinity of 0.43 eV with respect to the
Schaefer~-Harris calculations for 02 (J. Chem. Phys. 48, 4946, 1968), when

it is adjusted so that the difference of the separated atom limit and
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the Schaefer-Harris 02 curve has the experimental value. The 02—(2né)

crosses the 02(X 32;) curve at a sepa-ation of about 2.15 a, at an energy

below the asymptotic limit. The precise value of the :rossing is uncertain
because we have discovered shift errors in the published Shaefer-Harris

0., curves that will have to be corrected. However, there seems to be

2
no doudbt that approach along the zné curve leads to associative detach-

ment at thermal velocities.
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V. PSEUDO-POTENTIAL CALCULATION OF ATOMIC TXTERACTIONS

by A. Dalgarno and G. A. Victor

ABSTPACT

The use of atomic psuedo-potentials in calculations of atomic inter-
actions is briefly discussed. It is shown that an appropriate choice
of pseudo-potential leads to .ae appearance of the van der Waals inter-
actions in first order. Care is needed in the choice of the core-core
interaction potential lest spurious long-range forces appear. Explicit
calculations are reported for the 28g+ and 2£;+ ground states of Li2
and comparison made with the results of conventionzal calculations. High

accuracy is obtained over a wide range of internuclear separations.

A. INTRODUCTION

Rydberg-Kelin-Rees (RKR) metheds yield accurate potential energy
curves for diatomic molecules for spectroscopically measured attractive
potential curves in the neighborhood of the equilibrium internuclear
separation. Similarly, at very large internuclear separaticns, ab-initio
or seui-empirical methods lead to detailed knowledge of the van der
Waals terms for various molecules. For incermediate internuclear sep-
arations, much less data are available. Semi-empirical, effective poten-
tial methods can provide accurate data for selected systems at intermed-
iate internuclear separations, where other methods are inappropriate.

For many processes of atmospheric interest, such data are a prerequisite
for quantitative predictions. Preliminary studies of the molecular poten-
tial curves for L12+ have been carried out using accurate semi-empirical
effective potential techniques. The results are very encouraging, as the
current results compare very favorably with very elaborate ab-initio
calculations. Such procedures can be, in principle, extended to more
complex systems as long as the number of essential valance electrons is

A review of these studies is given in the following discus-

not large.

sions. Further preliminary calculations, for alkaii systems on inert

gases have been carried out which dewonstrate the utility of the methods

O e o e o e e

{

m;mmw..mmmr.-.mmn:wmmymmmmnu‘mcsmmamwmm.m-.;ummm\smammear.m,wmsgimm&m&-m s

B L A AV R NS Y N T L DR S N PP SR T AR WL PR SRS

T .
m: LYK T T v oren e domr ot r g r T e VO




TS =

Using these methods, limited to one valance

for scattering problems.
electron, studies can be made of charge transfer processes in alkali-

QR vid £ ® ik )

alkali ion systems as well as quenching processes in alkali-inert gas
systems. Treatment of up to two valance electrons i: very possible,

1 leading to the possibility of studying many diverse atomic scattering
problems; however, it seems that relevant data for few processes of

E 1 ' interest for normal and disturbed atmospheres can be obtained without
= | encountering severe difficulties.
B. DETAILED DISCUSSION

Psvedo-potential or model potential methods have been successfully

$IRUTRATRI S ey

: appiied to several problems of quantum chemistry (Ref. V-1) and they can
2

also be of value in the determination of interatomic forces at intermediate
Consider a Rydberg electron with quantum

7

¥

and large nu-=lear separationms.
numbers nf 2nd position vector ra wmoving in the field of a spherical core

v
LA Tt e LAty

with excess charge Z; located at the origin A of coordinates and construct

BB

an effective single channel potential Via(rz) with eigenvalues equal in mag-

N,

nitude to the observed ionization potentialsEa(nl)of the Rydberg states.

AU e B o S A O AN

Suppose that this atomic svstem is interacting with another spherical

core B at a distance R from A and that the binding energies of the val-

PRI e X

ance states associated with the second core can be reproduced by an

Et
E Z
. effective potential Vpfry) . The problem of calculating the adiabatic g
'. T A . . . . 3
- é interatomic potential ¢(R) reduces to finding the appropriate solution of 3
£ 1 the one-electron equation (written in atomic units) g
E Z
= | 3
|
E: {- 1924 Va(ma)+ Vplrp)+ VO(R. ra. rp)- €(R)} ¥(ra) = 0, :
: (v-1) ]
g % ?-
E g
et 4
s s
£ : where VC represents the effects of the core-core interaction. At large 4
S distances R , the system dissociates to a Rydberg state of either A or é
3
3 B. 4
: 3
S §
=< Suppose we are interested in the state that dissociates into the 3
2 ni state of A with wavefunction &,tn/ r;). such that E
3 3
2 g
4

W
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{- 1924 Vy(ry)~ Ex(nD)} palnl) = 0. (V-2)

then at large distances R , to first order,

€(R) = (Pa(nl17){Vplrp) +VC(R, ra, rb) ¢alnlira): . (v-3)

If we include a polarization term in the core potential, then asymptotically
Fpir) == 20 B A
blrb 2r4‘ (V' )

where ab is the dipole polarizability of the core. Hence for spherically

symmetric systems,

Zb ap ap 2
> 7 r,r)ns - . - Jins r -
€ER)=> v1s 1C(R. L ) ms R 4~ g ns ¥ ms. . (v-5)

It is cle» ~“™at the core-core potential Vc(R, r,.rp) ™ust contain asymp-

totically - only the nuclear term Z,Z;, R but also the polarization

S g . . . .
SHSTL P A T VY INY b}.\n;leﬂd)ﬂ.mm&wj&wun.‘.).(s}n‘.uMJ!.‘AI;M:M«IA‘».}H.)_IMNM{&M)‘.hu&lt«mnx{wn\‘!&.‘.aWmﬂhmumikh&a,::mm%!v 5

RO RIS I i,

The omission of the polarization term would be

A plausible choice

)y R4 .

term (-:
particularly serious for a neutral core with Zb = 0.

Ty

ABANTAMISA N DAt LS,

for VC(R, ra.rp) is

e
v

RO ey

Zalp

n - (Za- 12 1R - V(R (V-6)

3 (Za- D

i

E if the molecular system idssociates to a Rydberg state of A.

The R_6 term in ¢(R) is the van der Waals interaction. It here

E appears in first order, rather than in second order as in conventional
approaches, and it is easily reproduced by variational solutions of the
one-electron eigenvalue equation for ¢(R). The van der Waals interaction

e can be written in the firm
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where the f's are oscillator strengths and the ¢'s are atomic eigenvalues.
1f we assume that the transition - .iergies (eg - €:) of the Rydb rg system
& are much smaller than those (€8 - eg) of the core B, it follows that
(Ref. V-2).

2, 6
=-uns rins R (v-8)

Our choice of pseudo-potential leads to the same asymptotic interaction.
The numerical value given by (V-8 is -3.39, whereas the correct value is
-3.32 (Ref. v-3).

. - . . . .+
Conventional calculations of the interaction energies of L12 have

been reported by Bardsley (Ref.W4) and they provide a valuable quaantitative

test of our model. We adopt the representation in atomic units

3 0.09615
Vet (n) = Vypln) - = S i1- exp! - (r 0.47)F)

- 0’0-37-3 {1-expl - (»/0.44)8]} (V-9)

7 where vyp(r) is the Hartree-Fock core potential. This potential (V-9) has a

2s eigenvalue of -0.19824 au compared to the experimental value -0.19814 au
and a 2p eigenvalue of -0.13039 ai compared to the experimental value

-0.13024 au. An accurate 2s - ap energy difference is important in

ensuring that the interactions have the -orrect (second-order) asymptotic

L Iy SWhki

form -1/2 a/R where a is the dipcle polarizability of neutral lithium.

Sty

The pseudo-potential gives a 2s - 2p energy difference of (.06785 au

compared to the experimental difference 0.06790 au.

cufr AL AT

(1524 145

We have coived the one-electron ecigenvalue equations for e¢(R) for
the Gg(ZS) and Jﬁ(ZS) orbitals by standard variational proc=dures except

that the molecular integrals involving the pseudo-potentials were eval-

b
&
e

e T T R TN S R LA o e W Reoo Sl iy kb A

uated by numerical quadrature. The results are compared with those of

e F geey pof o
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Bardsley in Figure V1. The agreement is close over a wide range of sep-
arations. For the ground state of L12+ we obtain a dissociation energy
of 1.30 eV at our equilibrium separation of 6.0 ag whereas Bardsley (1970)

obtains 1.22 eV at 5.8 ap. Asymptotically we find

80.7 2926
e(R) ~ - R4 T RS (v-10)

]
]
i
E
2
%
3
£
z
2
B
3
%
Z
3
3
E
2
5
z
g

The choice of YC(R. ra. ry) is not unique. 1Indeed of particular

Ko

importance for ¢z 0 , a more accurate representation, correct at lLarge

44

R. 1is provided by

; . 2 2 %
ZaZyp ZpgR-ry Zyrp R ry Zaoy Zhay :
ViR r.r )= Z VRV-Z V (R)- o W r)- w (r, )- - 3, (v-11) £
Cc a’ b R ab b a ,(3,.3 a a Rsrg b b 2R4 2R4 i
E
- where w,(7), wp{») are suvitable cut-off functions. In the case of Li+ we i
took %
' ;
3 w(r) = 1-exp(-(r 0.475) (v-12) E
o a
e i
: as suggested by Equation (W9). Asymptotically, ¢(R) behaves correctly “‘
3 according to :
3 5
3 |
- - 2 1, :
3 {R) = Ré (nl 13{1+P2(cos£’a)]ml (V-13) ‘§
; b
3 i
(see Baylis, Ref.V-5). For ;.g the 1='2 term vanishes. We have employed %
b . : 2.+ i
4 the more complicated form of VC in a calculation of ¢(R) for the Eg i
3 3
; state at R = 6.04p . The binding energy is changed from 1.30 eV to 3
3 i.28 ev. ;
E !
= T
| 3
K R bO g
E | ;:
. :
1
E 13
'3

h
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VI. CONCLUSIONS AND RECOMMENDATIONS

Detailed studies of atmospheric behavior following nuclear or
natural (aurora or PCE events) disturbances requires accurate data on

cross sections and rate coefficients for a highly diverse ensemble of

atomic, molecular, chemical, and transport processes. In recent years,

experimental studies and in a more modest way, theoretical investiga-

tions supported by DNA have provided essential input data for subsequent

computer modeling of atmospheric response. Owing to the relatively wide

range of possible initial conditioms, the complexity of the overall
problem, and the inevitable delay betwern identification of important
processes and the subsequent generatirn of accurate input data, under-

standable time delays occur between input data,generation data and

application to computer coding. As a consequence, data requirements and

thus fmphasis on specific processes change periodically. Depending on
the accuracy requirements imposed on the input data, decisions on

whether to employ experimental, theoretical, or a combination of approaches

become important from both time and economy criteria. Such decisions are

complicated by the fact that equilibrium thermodynamic conditions are

seldom encountered, so that detailed cross section data are usually re-
quired.

GCA Technology Division has for several years been performing
theoretical studies directed towards the satisfaction of these reguire-
ments. Emphasis has been directed towards the study of those processes
which control the degree of atmospheric ionizatiom, particularly for
those processes which are important for recombinaticn. Basic cross sec-
tions have been investigated rzther than reaction rates, in order to cope

with the non-thermal equilibrium requirements of many applications.

A major portion of our investigations has been concerned with the

process of three-body ion-electron recombination in dense gases at low

temperatures (Section II). In such complex systems, one must resort to

semi-quantal, statistical theories, which should lead to results of

acceptable accuracy for the necessary applications. The studies per-
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1 f-rmed to date yield sufficient data for useful extensiomns, without

extensive calculation, for predictions for various ions, temperatures,

third body concentrations, and third body systems expected to be of
importance. Further significant progress leading to increased accuracy
can only be cbtained by a major reformulation of the theory requiring

: significant theoxetical progress in complex many-body problems. Such

progress is unlikely in the near future so that additional extensive

(Lfar i fs

theoretical study of the process is not indicated at this time. The

T

body of data generated to date, serves as a useful basis for interpo-

lation and extrapolatiun for systems not yet studied.

The results presently available for study of the process of assoc-
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iative detachment are preliminary in nature. The calculations for the

potentisl energy curves for 0 + 0 should be continued in order to pro-

A

= vide mor= accurate data, especially in the region of the important curve
crossings. Similar studies should be performed for the N + 0 system.

Only an upper limit for the cross section for associative detachment can

VRIPHIHY A

be obtained from the potential energy curve data. Accurate quantitative

predicrions require the calculation of certain coupling matrix elements.

Two methods can be suggested for the evaluation of these necessary matrix
4 elements. One involves the evaluation of the electronic molecular Hamil-

tonian for complex energies whereas the other involves the direct eval-

*
"y

uation of the coupling matrix elements using single center molecular

Tl
NS

3 eigenfunctions. Both methods are within the state-of-the-art for large
scale molecular calcvlations, and should be investigated in greater de-

E & tail for possible application to the problem of associative detachment.

The studies of the use of effective potential methods for atomic and
molecular processes has provided highly accurate results. However, in
) the present form, they are of limited use for important atmospheric
E | species and progresses, so that more extensive studies are not indicated

5 for future progress.

Two arecas of study should be introduceé¢ into future programs. The

first involves the use of classical and semi-quantal methods fes the
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theoretical investigation of several classes of ion-molecule reactions.

This study is indicated at the present time because the classical and
semi-quantal methods appear to yield accurate results for many processes,
and ion-molecule reactions form an important class of reactions in the

overall understanding of disturbed atmospheres.

Higher energy processes are becoming of increased importance in dis-
turbed atmosphere studies. Because of recent theoretical progress,
quantitative studies of the process of diaelectronic recombination are
becoming possible. As a consequence, a renewed study of diaelectroni.

recombination should be i1itiated.
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ABSTRACT

~ > 1, is report presents the £findings of a number of iadividual investi-
gations relevant to the physics of atomic and molecul: v processes in
the upper atmosphere as pertinent to the problem of the rate of rzduc-

tion of ionlzation in a disturbed atmosphere.

Calculations have been performed of the rates for three-body ion-

electron recombination

T te+M-X+M.

for a variety of 1ons x+ and third bodies M. Ewmphasis has been placed
on systems where the third body involves a molecular species. It has
been shown that if the third body has low energy modes of internal

excitation, large recombination rates may result. If M is a polar mole-

{(Continued on page 79)
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cule, very large recombination rates will result. The calculations show
that the rate for three-body ion-electror recombination is very sensi-

tive to the concentration of water vapor.

“The process of associative detachment

X +Y*XY+e

is an important mechanism for the removal of negative atomic and molec-
ular ions... Only sparse accurate experimental dats exist, and quantita-
tive theoretical data exist only for H + # collisions. Quantitative
prediction of the rate coefficient for associative detachment requires
accurate potential en2rgy curves for tne negative molecular ion XY and
the neutral molecule XY, especially in any regions of curve crossings
involving the lower levels of the molecules. Also required are certain
non-radiative coupling matrix elements between the electrcnic states of
the mclecules. The theoretical calcuiation of the necessary accurate

potential energy curves and matrix elements represents a relatively
difficult theoretical probtlem for species of interest in the atmosphere.

From knowledge of the potential energy curves, useful upper limits for
the rate of associative detachment can be obtained. Improved calcu-
lations of potential enmergy curves 053 relative to .theoretical 02 curves,
have been performed. for the important atmospheric process

0O +0-~ O2 + e

the cross section could be as large as 4.6 xaoz.

The cross section for rotational excitation in electron polar mol-

4

ecule collisions,

e +M(J) - e +M (J +47),

where M(J) is a polar molecule in rotational state J, is large. Rota-
tional excitation processes represent an important energy loss mechanism

for the thermalization of supra-thermal electrons produced by an atmo-
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spheric disturbance. Since most recombination processes proceed much
more rapidly for low energy electrons than for supra-thermal electrons,
the rotational excitation process plays an important role in the rate

of reduction of ionization in a disturbed atmosphere. The cross section
for this process constitutes an essential input data point for the studies
of three-body ion-electron recombination in polar gases. Detailed cal-
culations have been performed for the cross sectior for rotational exci-

tation of carbon monoxide by electvon impact using close-coupling methods.
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